Objectives. To study the determinants of the pharmacokinetics (PK) of rituximab (RTX) in patients with ANCA-associated vasculitis (AAV) and its association with clinical outcomes.
Introduction
ANCA-associated vasculitides (AAV) are systemic autoimmune diseases characterized by necrotizing inflammation of small-and medium-sized vessels [1] . This group includes granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA), which are variably associated with ANCA targeting PR3 or MPO [2] .
The rituximab in AAV (RAVE) trial showed that a single course of rituximab (RTX) has a similar efficacy to induce and maintain remission as oral CYC followed by AZA for 18 months [3] , and a better efficacy in patients treated for a relapse of the disease with PR3-ANCA [4] . However, clinical responses are variable, and relapses remain frequent after remission is achieved [5] . Maintenance therapy using RTX has been shown to prevent relapses in most patients [6] but it remains unclear whether all patients require prolonged maintenance treatment and what the ideal timing of retreatment is. Consequently, the identification of early risk factors for remission-induction failure and relapse could help physicians to personalize treatment for each patient.
The pharmacokinetics (PK) of therapeutic mAbs is highly variable between individual patients and has been associated with clinical efficacy in some settings. For example, serum levels of anti-TNF drugs are associated with their efficacy in RA [79] and AS [10] , while also affecting frequency of side effects [11] . Few studies have assessed the relationship of the PK of RTX (PK-RTX) with clinical outcomes. The strongest evidence comes from studies in patients with lymphoma, in which PK-RTX is highly associated to its efficacy [12] . In contrast, no association was found between RTX levels and clinical outcomes in RA [13, 14] . Moreover, no dose finding studies have been performed with RTX in either RA or AAV, the two autoimmune diseases for which RTX has been approved for use by regulatory agencies.
Therefore, the objectives of this study were to identify the determinants of PK-RTX [in terms of serum trough levels at different time points and global exposure represented by the area under the curve (AUC)] in patients treated for AAV and its association with clinical outcomes, aiming to assess whether PK-RTX could be used as a readily available, clinically useful biomarker for efficacy and risk of relapse with the potential of guiding decisions regarding re-dosing.
Methods

Patients
The RAVE trial was a randomized, double-blind, placebocontrolled trial comparing RTX (four weekly infusions of 375 mg/m 2 each) to CYC (followed by AZA once remission was achieved) in 197 patients with severe AAV [3, 5] . Patients also received oral glucocorticoids (starting at prednisone 1 mg/kg) according to a pre-specified tapering protocol aiming at complete withdrawal around 5.5 months [15] . Patients were evaluated prospectively at baseline; at weeks 1, 2, 3 and 4; at months 2, 4 and 6; and every 3 months until month 18. At each visit, the BVAS for granulomatosis with polyangiitis (Wegener's granulomatosis) (BVAS/WG) [16] was obtained, standard biological tests were performed, and serum samples were collected and stored at À 80 C. In the present study, we included all patients from the RTX arm of the RAVE trial who received the full dosing of the drug, and had available serum samples for RTX quantification. Trial data are publicly available on the Immune Tolerance Network website (https://www.itntrialshare.org). Ethical approval and informed patient consent were obtained for each participant of the RAVE study. The RAVE study was approved by the institutional review boards at each participating centre, and globally by the Immune Tolerance Network.
Outcome definitions
A BVAS/WG score of 51 reflects active disease within the 28 days prior to assessment, while a score of 0 indicates absence of disease activity. The primary end point of the RAVE trial was achievement of complete remission, defined by a BVAS/WG score of 0 and successful completion of the prednisone taper, at 6 months [3] . Complete response was defined as a BVAS/WG score of 0 and prednisone dose 410 mg/day at the 6 months visit [3, 5] .
Circulating B cell numbers were measured at each visit by FACS analysis. B cell depletion was defined as 4 10 CD19 + B cells/ml. Times to B cell redetection and reconstitution were defined as the time between the first RTX infusion and the first visit when patients had B cell count 510 and 569/ml or baseline value, respectively [5] . Disease relapse was defined as any new disease activity, indicated by an increase in BVAS/WG of 5 1 point after achievement of complete remission. A relapse was considered severe if the BVAS/WG was 53, if a new major item was present, or if, in the judgement of the clinician, a new course of induction therapy using RTX and high-dose prednisone was warranted; all other relapses were considered non-severe and treated by an increase of the prednisone dose [17, 18] .
Quantification of serum RTX levels
We quantified RTX in all available serum samples using two different methods: an ELISA validated in-house at Genentech; and a mass spectrometry (MS)-based assay recently developed at Mayo Clinic, referred to as monoclonal immunoglobulin Rapid Accurate Mass Measurement (miRAMM), based on serum immunoglobulin light chain molecular mass profiling [19, 20] (for details on the methods, see supplementary data, 'Quantification of serum RTX levels', available at Rheumatology online).
Statistical analyses
Analysis was performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). Characteristics are presented as median and interquartile range (Q1, Q3) for continuous variables and frequency (percentage) for categorical variables. Separate analyses were performed for measurements obtained via miRAMM and ELISA. For each patient, PK-RTX using those two assays was summarized and analysed as week 2 (just before the third infusion of RTX) and 4 (1 week after the last infusion of RTX), and months 2, 4 and 6 serum trough levels, as well as the trapezoidal AUC integrating baseline, weeks 2 and 4, and month 2 levels. For five patients, the month 2 levels were missing and were imputed for AUC integration according to the percentile of their levels at week 4.
First, we studied which baseline factors were associated with RTX trough level at week 2 and the AUC by each assay. We then assessed the association between PK-RTX (RTX trough levels at the different visits and AUC) and important outcomes: complete remission at 6 months, time to B cell redetection, and time to relapse in patients who first reached complete remission (see for details on the methods supplementary data section 'Statistical analysis', available at Rheumatology online). Time to event analyses were conducted using Cox proportional hazards models. At each time point, patients were classified in tertiles according to their RTX level, and the lowest tertile (tertile 1) was considered as the reference for time to event comparison with tertiles 2 and 3 (respectively, medium and highest RTX levels).
Results
We included the 89 patients from the RAVE trial who received the full dose of RTX (four weekly infusions at 375 mg/m 2 BSA) and had available serum samples for PK analyses in this study (Table 1) . Among them, 51.7% were female, the median age was 55.0 years, 68.5% were PR3-ANCA positive, 75.3% had a clinical diagnosis of GPA, 47.2% were newly diagnosed at inclusion and all had active severe disease (median BVAS/WG at inclusion was 8).
Determinants of the PK of RTX RTX serum levels were variable between patients at the different visits. Highest values were measured at week 4, 1 week after the last RTX infusion (supplementary Fig. S1 , available at Rheumatology online). ELISA measured generally lower RTX levels than miRAMM. Table 2 shows the influence of several a priori selected potential factors on PK-RTX represented as week 2 RTX levels and RTX serum level AUC, for both miRAMM and ELISA assays. Age had no effect but sex was a major determinant, with RTX levels $20% lower in males compared with females. The RTX dose was adapted to BSA for each individual patient. Nevertheless, we observed a negative correlation between RTX AUC by ELISA and BSA. Conversely, there was no significant correlation between BMI and week 2 RTX level or AUC. Disease classification (MPA vs GPA or MPO-ANCA vs PR3-ANCA) had no influence, but patients with newly diagnosed disease at inclusion had significantly lower RTX levels than patients included with a relapse of their AAV. Disease activity level, as measured by the BVAS/WG score, was negatively correlated with PK-RTX. We did not detect any association between renal involvement (according to BVAS/WG items) or the estimated glomerular filtration rate (using the Modification of diet in renal disease (MDRD) formula) and week 2 RTX level or AUC. We observed a negative correlation between baseline circulating B cell number and RTX levels when measured by miRAMM. Finally, baseline serum IgG level was negatively correlated with RTX serum level at week 2, but not with the AUC, nor with RTX levels at later time points (months 4 and 6). In multivariate analyses, the main determinants of week 2 RTX level and AUC were sex and new diagnosis. Patients with a new diagnosis compared with patients with relapsing disease at inclusion had higher baseline B cell counts (median 239 vs 154 cells/ml, respectively, P = 0.037), higher serum IgG levels [9.6 g/l (8.3, 11.8) vs 8.1 g/l (6.8, 9.3), P = 0.001], but a nonsignificantly higher BVAS/WG score (8.0 vs 7.0, respectively, P = 0.084).
Association of the PK of RTX with remission induction and B cell depletion
Among the 89 patients included in the study, 66 met the primary end point of the RAVE trial, and 73 fulfilled the definition of a complete response at 6 months. We did not observe any difference in RTX levels, assessed by miRAMM or by ELISA, between patients who did or did not meet these two endpoints (Table 3) . All but four patients experienced B cell depletion as soon as week 2. In those four patients, B cell depletion was achieved at week 4 in two, at month 2 in one and only at month 4 in one. All of them achieved complete remission, and two of them subsequently experienced a nonsevere relapse while the two others remained in complete remission during the 18 months of the study. Their PK-RTX profile had nothing remarkable compared with patients who experienced an immediate B cell depletion, with RTX serum levels close to the median levels of the whole group.
Association of the PK of RTX with time to B cell redetection Seven patients met the criteria for B cell depletion at week 2, had B cell count value over just 10/ml once at either week 4 or month 2, and returned below 10/ml at the next visits until later B cell redetection. These results were considered as technical variations of the FACS method, and the later time point was considered to analyse the duration of B cell depletion. Patients were censored from B cell depletion analysis if they received a new course of treatment (either cross-over therapy to cyclophosphamide for early treatment failure or best medical judgement before 6 months) or relapsed before B cell redetection.
At 4, 6, 9 and 12 months, 4, 18, 57 and 88% of the patients, respectively, had detectable B cells. At 18 months, 65 of the 67 patients had experienced B cell redetection. We observed significant correlations between RTX levels at the different visits and the duration of B cell depletion (Fig. 1) . We then assessed whether the level of RTX at each time point could effectively predict the time to B cell redetection. As shown in Table 4 and Fig. 2 (plots on the right of the figure), patients with lower serum RTX by ELISA (tertile 1) at early time points (weeks 2 and 4) experienced a shorter duration of B cell depletion compared with patients with higher RTX levels (tertiles 2 and 3). Similar observations were made when RTX was quantified by miRAMM (supplementary Table S1 , available at Rheumatology online). We also analysed the time to B cell reconstitution (defined as B cell count 569/ml or 5base-line count), and did not observe any significant association with PK-RTX (data not shown).
Association of the PK of RTX with relapse risk
Relapses were analysed in the 72 patients who first met the definition of complete remission, independently of the 6 month time point. During the 18 months of follow-up, 26 patients experienced relapses, and 15 experienced a severe relapse. We did not detect any significant association between time to relapse and RTX levels at any visit or using the AUC by ELISA (Table 4 and Fig. 2 ) or by miRAMM (supplementary Table S1 , available at Rheumatology online). We also compared RTX levels at all visits and AUC between patients who relapsed and those who did TABLE 3 Association between the serum levels of rituximab (mg/ml) and remission induction at month 6 
FIG. 1 Correlation between rituximab serum levels at different time points and duration of B cell depletion
The duration of B-cell depletion was computed in each patient as the time between the date of the first rituximab infusion and the date of the first visit with B cells 510/ml. The correlation with serum levels of rituximab at the different visits was assessed by Spearman's test.
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23 (22) Ref. not relapse as a categorical outcome, using both definitions of severe and any relapses during the 18-month period of the study, and did not observe any significant difference (data not shown).
The only divergence between survival curves was observed at the month 2 time point for the risk of any flare, with patients in the first tertile (i.e. with the lowest RTX levels by ELISA) experiencing numerically more   FIG. 2 Association between rituximab serum levels and time to relapse and to B cell redetection Serum rituximab levels by ELISA at each visit were analysed as tertiles, the lowest tertile (tertile 1) considered as the reference for time to event comparison with tertiles 2 and 3 (respectively, medium and highest rituximab levels) using Cox proportional hazards models. Time to any flare and time to severe flare were analysed in patients who reached complete remission, and time to B cell redetection (defined as B cells 510/ml) was analysed considering flare as a competing event (since treatments administered for flares could influence the duration of B cell depletion). relapses than patients with higher RTX serum levels, but this association did not reach statistical significance (Table 4 and Fig. 2) . Similarly, patients with undetectable RTX by ELISA at 6 months had numerically more relapses in the following year than patients in whom RTX was still detectable (5 flares in 10 patients without detectable levels vs 19 relapses in 54 patients with detectable levels, P = 0.16 by Cox analysis, Table 4 and Fig. 2 ).
Discussion
In this study, we report that PK-RTX (analysed as serum trough levels at different time points and AUC) was highly variable among patients with AAV despite a dosing protocol adjusted for BSA, its main determinants being sex and receiving RTX for a disease relapse (vs for a newly diagnosed disease). However, the serum level of RTX obtained after the infusions was not associated with important clinical outcomes, such as reaching complete remission, relapse risk or time to relapse. The absence of associations between PK-RTX and clinical outcomes shows that drug level monitoring is not a clinically useful tool in the context of therapy with RTX for AAV. Our findings question the need for an individual dose regimen, based on individual characteristics.
A clinically useful tool to predict response to treatment and ideal RTX redosing to prevent relapses in AAV patients has yet to be discovered. Several factors have been previously associated with an increased risk of relapse: history of previous relapses, diagnosis of GPA (vs MPA), PR3-ANCA positivity (vs MPO-ANCA) [5] , ANCA titre increases [21, 22] , HLA-DPB1*04:01 allele carriage [23] , variations in serum levels of S100A8/A9 (calprotectin) [24] and potentially urinary soluble CD163 which is associated with disease activity [25] . However, until now none of these markers have proven their utility in guiding treatment in individual patients, and there is still an unmet need of clinically useful biomarkers.
To address the issue of the clinical utility of RTX level monitoring in patients with AAV, we used two different assays to measure the drug serum levels. Therapeutic mAbs may exist in free, partially bound and fully bound forms in the bloodstream, and the choice of which form to measure and how to measure them may be important [26, 27] . Despite analytical differences between the ELISA and miRAMM assays, no clinically meaningful association with clinical outcome was detected using either method.
Lower serum levels of RTX in men have been reported in patients with RA [28] and patients with lymphoma [2931], probably due to a higher volume of distribution of the drug in men. BSA and sex were the most significant covariates in patients with RA, but BSA accounted for only a small part of PK-RTX variability, whereas men had $30% lower RTX serum levels [28] . Despite the BSAbased dose-adjustment protocol used in the RAVE study, we still observed a small negative inverse correlation between BSA and serum RTX levels, that is, patients with higher BSA achieved slightly lower serum RTX levels. However, this effect was small and was not significant in multivariate analyses.
The higher RTX levels obtained in patients included for a relapse of AAV may be related to previous exposure to immunosuppressants and especially to CYC, which causes a well-documented, long-lasting B cell lymphopenia [5] , and potentially hypogammaglobulinaemia. Patients entering the trial for relapsing disease indeed had lower baseline B cell counts than patients enrolled with newly diagnosed disease, but the effect of B cell count on PK-RTX was small. Conflicting observations on this matter have been made in RA. In one study, PK-RTX was not influenced by pre-treatment B cell numbers [28] . In another recent study, authors reported a significant inverse relationship between pre-treatment B cell counts and PK-RTX, supporting the notion of the importance of the 'antigen burden' for the PK of RTX: the more circulating B cells expressing CD20, the faster RTX is consumed [32] . In the same study, total serum IgG level was significantly correlated with a faster clearance of RTX and therefore with lower serum RTX levels, potentially explained by a saturation of the neonatal Fc receptor system that is important in the recycling of circulating IgG. In our study, we observed a small effect (negative correlation) of baseline IgG level on the serum levels of RTX at early (week 2) but not at later time points. Patients included for a relapse of AAV had both lower B cell counts and lower serum IgG levels compared with newly diagnosed patients, both factors potentially explaining the higher RTX levels obtained in those patients. In the context of lymphoma and chronic lymphocytic leukaemia, multiple studies reported that RTX clearance was faster (and therefore RTX serum levels were lower) in patients with high tumour burden represented by the size of the tumour bulk [33] or by the number of leukaemic B cells [34] , respectively.
The biological effect of RTX (i.e. the duration of B cell depletion) is associated with its PK in patients with autoimmune diseases, but this association does not translate into an association with clinical outcomes. The current study found a significant association of RTX levels at early time points on the time to B cell redetection: patients with lower serum RTX levels at weeks 2 and 4 experienced a shorter B cell depletion than patients with higher levels. Similarly, in primary SS, serum RTX levels are significantly correlated with the duration of B cell depletion, but not with the drug's clinical efficacy [35] .
That PK-RTX has a clear association with clinical outcomes in patients with lymphoma could be explained by the fact that lower serum RTX levels are measured in patients with a high tumour bulk, who have an intrinsically worse prognosis compared with patients with a low tumour burden [12] . This association between PK-RTX and its efficacy, mediated by the effect of tumour mass on PK-RTX, has also been demonstrated in mouse models of haematological malignancies [36] . This study did not observe any meaningful association between PK-RTX and clinical outcome in AAV, similar to what has been reported previously in patients with RA [13, 14] . RTX induces a complete blood B cell depletion in almost all patients with autoimmune diseases regardless of the RTX serum level obtained. While higher RTX exposure increases the duration of B cell depletion slightly, it does not seem to influence the clinical efficacy. This could indicate that the beneficial effects of RTX in autoimmune diseases are mediated by a broader modulation of the immune system homeostasis than is apparent from the mere destruction of CD20-positive B cells. Since there is no association between PK-RTX and clinical outcomes (i.e. patients reaching lower RTX levels experiencing similar benefits from the drug than patients reaching higher serum levels), our observations do not support the utility of BSA-based individualized dosing protocols as initially developed for the treatment of lymphoma. In most patients who relapse after remission, disease flares are not concomitant with B cell repopulation but happen several months later. This observation could also explain the efficacy of lower RTX doses to prevent relapses in patients in complete remission, as shown for AAV [6] as well as RA [37, 38] .
A limitation of our study is that protocol-driven treatment was limited to the first 18 months after remissioninduction therapy. Previous studies have shown that many patients will relapse after this period, and as many as 75% of the patients may eventually relapse during the 10-year period following initial diagnosis [39] . We cannot exclude that initial PK-RTX has an influence on B cell subset profile after B cell repopulation, which in turn may influence longterm relapse risk. A recent study suggested that the repopulation of naïve B cells 6 months after RTX infusions was associated with a reduced risk of relapse during the next year in AAV patients [40] , and studies in RA and SS have reported that RTX has long-lasting effects on B cell subset profile, for >2 years in some patients, mainly characterized by a decrease in memory B cells compared with pre-treatment values [4143] . Further studies investigating long-term influence of PK-RTX on B cell subsets and clinical outcomes are warranted.
In summary, studying a well-characterized prospective population of patients with AAV treated with RTX, using well-defined clinical outcomes and two different assays to quantify the drug, we did not detect clinically meaningful associations between PK-RTX and clinical outcomes. The monitoring of RTX levels does not seem useful in this context. Further studies are needed to determine the optimal dose of RTX in AAV, and to define the best timing of retreatment of at-risk patients in remission to prevent relapse, without exposing other patients to unnecessary immunosuppression.
